The ®eld of epigenetics has recently moved to the forefront of studies relating to diverse processes such as transcriptional regulation, chromatin structure, genome integrity, and tumorigenesis. Recent work has revealed how DNA methylation and chromatin structure are linked at the molecular level and how methylation anomalies play a direct causal role in tumorigenesis and genetic disease. Much new information has also come to light regarding the cellular methylation machinery, known as the DNA methyltransferases, in terms of their roles in mammalian development and the types of proteins they are known to interact with. This information has forced a new view for the role of DNA methyltransferases. Rather than enzymes that act in isolation to copy methylation patterns after replication, the types of interactions discovered thus far indicate that DNA methyltransferases may be components of larger complexes actively involved in transcriptional control and chromatin structure modulation. These new ®ndings will likely enhance our understanding of the myriad roles of DNA methylation in disease as well as point the way to novel therapies to prevent or repair these defects. Oncogene (2001) 20, 3139 ± 3155.
Introduction
It is now clear that the genome contains information in two forms, genetic and epigenetic. The genetic information provides the blueprint for the manufacture of all the proteins necessary to create a living thing while the epigenetic information provides instructions on how, where, and when the genetic information should be used. Ensuring that genes are turned on at the proper time is as important as ensuring that they are turned o when not needed. The major form of epigenetic information in mammalian cells is DNA methylation, or the covalent addition of a methyl group to the 5-position of cytosine predominantly within the CpG dinucleotide. DNA methylation has profound eects on the mammalian genome. Some of these eects include transcriptional repression, chromatin structure modulation, X chromosome inactivation, genomic imprinting, and the suppression of the detrimental eects of repetitive and parasitic DNA sequences on genome integrity Jones and Laird, 1999; Robertson and Wole, 2000) . While DNA methylation clearly enhances the ability of cells to regulate and package the genetic information it also adds an additional burden. Genomic methylation patterns are frequently altered in tumor cells with global hypomethylation accompanying region-speci®c hypermethylation events. When hypermethylation events occur within the promoter of a tumor suppressor gene this can silence expression of the associated gene and provide the cell with a growth advantage in a manner akin to deletions or mutations. Recent work has revealed that DNA methylation is an important player in many processes including DNA repair, genome stability, and chromatin structure. This review will ®rst discuss what is known about the enzymes that catalyze the methyltransfer reaction, the DNA methyltransferases or DNMT's. I will then discuss the role of methylation in genetic disease and cancer in terms of the types of methylation defects, the functional consequences, and models for how these defects arise. Lastly I will summarize what is known about proteins which interact with one of the best studied DNA methyltransferases and why these interactions may be important for understanding why methylation patterns go awry in tumors.
The DNA methylation machinery
Global cytosine methylation patterns in mammals appear to be established by a complex interplay of at least three independently encoded DNA methyltransferases (DNMT's): DNMT1, DNMT3A, and DNMT3B ( Figure 1) . A fourth DNA methyltransferase, DNMT2 (Figure 1 ), has been cloned and characterized but catalytic activity of this enzyme has yet to be demonstrated in vitro or in vivo (Okano et al., 1998b; Yoder and Bestor, 1998) . The reaction mechanism of 5-methylcytosine DNA methyltransferases is rather unusual. The target cytosine is extruded from the double helix into the active site cleft of the enzyme where it can be reacted upon by a conserved active site cysteine . DNMT1 was the ®rst methyltransferase to be discovered (Bestor et al., 1988) while the DNMT3 family was only recently discovered and characterized.
DNMT1
DNMT1 has been shown to have a 10 ± 40-fold preference for hemimethylated DNA (Pradhan et al., 1999; 1997) and is the most abundant methyltransferase in somatic cells (Robertson et al., 1999) . While the enzyme was cloned 12 years ago (Bestor et al., 1988) its sequence remained incomplete for many years (Yoder et al., 1996) which complicated studies of the DNMT1 promoter (Rouleau et al., 1992) as well as interpretation of the eect of its overexpression on cell growth (Tucker et al., 1996; Vertino et al., 1996) . DNMT1 localizes to replication foci via several independent domains (Leonhardt et al., 1992; Liu et al., 1998) , and interacts with the proliferating cell nuclear antigen (PCNA) (Chuang et al., 1997) . This set of features is why DNMT1 is often referred to as the`maintenance' methyltransferase since it is believed to be the primary enzyme responsible for copying methylation patterns after DNA replication. The generation of DNMT1-knockout mice has revealed that DNMT1 is required for proper embryonic development, imprinting, and Xinactivation (Beard et al., 1995; Li et al., 1992; 1993) . Mice de®cient for DNMT1 show arrested development prior to the 8 somite stage and a nearly 70% reduction in their genomic 5-methylcytosine content (Li et al., 1992) . Recently the DNMT1 gene was inactivated by somatic cell knockout methods in a colon adenocarcinoma cell line. Remarkably, these cells retained approximately 80% of their normal methylation levels and lacked any profound growth aberrations indicating that the DNMT3 family of enzymes (next section) may be able to act as maintenance enzymes in certain situations or that there are additional, as yet undiscovered, methyltransferases that can compensate for the loss of DNMT1 (Rhee et al., 2000) .
The DNMT3 family
In 1998, Okano et al. (1998a) reported the cloning and initial characterization of the DNMT3 family of methyltransferases ( Figure 1 ). The mouse and human enzymes are highly conserved (approximately 95% identical at the amino acid level) (Xie et al., 1999) and homologous genes have been identi®ed in zebra®sh, Arabidopsis thaliana, and maize (Cao et al., 2000; Okano et al., 1998a) . Mouse knockouts of the Dnmt3 family enzymes have revealed that they are required for the wave of de novo methylation that occurs in the genome following embryo implantation as well as de novo methylation of newly integrated retroviral Figure 1 Structure of the known DNA methyltransferases (DNMT's) and DNMT-like proteins. DNMT1, 3A, and 3B can be divided into two domains, regulatory and catalytic. Conserved motifs (roman numerals) involved in catalysis are indicated with black boxes. Other structural features such as the replication foci targeting domain and zinc binding region of DNMT1 or the cysteine-rich PHD (plant homeodomain (Aasland et al., 1995) ) region of DNMT3A/3B are also indicated sequences in murine embryonic stem (ES) cells . Dnmt3a knockout mice are born live but die at about 4 weeks of age in contrast to the Dnmt3b knockout mice which are not viable . Dnmt3b 7/7 mutant embryos show numerous developmental defects and growth impairment after E 9.5, which is close to the time the Dnmt1 knockout mice begin to exhibit growth defects (Li et al., 1992; Okano et al., 1999) . Data from the Dnmt3 knockout mice, in addition to limited in vitro data indicating that the DNMT3 enzymes have an equal preference for hemimethylated and unmethylated DNA substrates, has led to them being classi®ed as`de novo' methyltransferases (Okano et al., 1998a) . A speci®c function for Dnmt3b, revealed by the mouse knockout experiments, is maintenance of DNA methylation of the minor satellite repeats adjacent to centromeres. Similar supportive data for this role comes from three papers in 1999 describing mutations in the catalytic domain of the human DNMT3B gene in patients with ICF syndrome (immunode®ciency, centromeric instability, facial anomalies) (Hansen et al., 1999; Okano et al., 1999; Xu et al., 1999) . As will be discussed further in the next section, individuals with this disease exhibit profound losses of DNA methylation from satellite 2 and 3 sequences adjacent to the centromeres of chromosomes 1, 9 and 16 resulting in massive instability of these chromosomes (Ji et al., 1997) . A speci®c function for Dnmt3a was not detectable with the knockout model but studies using the various Dnmt-knockout ES cells in addition to transgenic Drosophila melanogaster expressing Dnmt3a revealed that this enzyme may be specialized to methylate nonCpG sequences like CpA, and CpT although the function of non-CpG methylation in ES cells is unknown . The sequence speci®city of Dnmt3b remains to be determined since it was not analysed in the previously mentioned study. The catalytic activity of both Dnmt3a and 3b appears to be quite low. In vitro assays utilizing recombinant proteins expressed in baculovirus indicated the activity of the Dnmt3's was roughly 20 times lower than the activity of Dnmt1 (Dnmt3a was slightly more active than Dnmt3b) (Okano et al., 1998a) . In vivo overexpression studies showed that both enzymes could methylate a stably maintained episome to diering extents (Dnmt3a4Dnmt3b) and there appeared to be some sequence preference as well (Hsieh, 1999) . It may be that the in vitro assays that have been developed and work so well for DNMT1 are not optimal for the DNMT3 family or that they require small-molecule or protein co-factors for ecient catalytic activity.
Methyltransferases ± maintenance versus de novo DNA methyltransferases are commonly classi®ed as de novo (DNMT3) or maintenance (DNMT1) and there is evidence both supporting and refuting this classi®ca-tion scheme. Evidence supporting this scheme originally came from the observation that Dnmt1 knockout ES cells retained de novo methylating activity (Lei et al., 1996) . This result was the motivating factor for a continued search for new DNMT's that eventually led to the discovery of the DNMT3 family (Okano et al., 1998a) . Additional support for this classi®cation scheme comes from the previously mentioned study utilizing Drosophila expressing Dnmt1 and/or Dnmt3a. In this study, Dnmt1 exhibited no de novo methylation activity while Dnmt3a expression resulted in low level methylation (Lyko et al., 1999) . It could be argued however, that Drosophila has lost a trans-acting factor necessary for the in vivo activity of Dnmt1 when this lineage lost the ability to methylate its genome (although a recent report indicates that Drosophila does have low-level methylation ± primarily at nonCpG sequences ). Further support for the de novo/maintenance scheme comes from knockout experiments which showed that homozygous deletion of Dnmt3a and Dnmt3b did not alter preexisting methylation patterns in ES cells , whereas homozygous deletion of Dnmt1 resulted in a *70% reduction in 5-methylcytosine content (Li et al., 1992) .
Evidence against the de novo versus maintenance classi®cation comes from several experiments. In the ®rst, it was demonstrated that enforced overexpression of DNMT1 in cancer cell lines leads to de novo methylation of endogenous CpG islands . In addition, Rhee et al. (2000) recently reported that somatic cells lacking DNMT1 retain approximately 80% of their normal methylation levels and that the expression levels of DNMT3A and 3B were not profoundly altered. It will be of great interest to determine how these cells are maintaining so much of their DNA methylation in the absence of DNMT1 and may be good evidence for the existence of additional DNA methyltransferases that can compensate for the loss of DNMT1. It is probable that all three DNMT's possess both de novo and maintenance functions in vivo and that speci®c methyltransferases will be responsible for the methylation of certain genomic regions via their interaction with other nuclear proteins or DNAbinding factors, a notion strongly supported by the ®nding that mutations in DNMT3B in patients with ICF syndrome lead to loss of methylation in very discreet locations within the genome.
Methyltransferase motifs in proteins that do not methylate DNA An increasing number of proteins are being identi®ed which contain all or a subset of the conserved DNA methyltransferase motifs yet do not appear to be involved in methylating DNA ( Figure  1 ). The ®rst example of this was DNMT2, a protein homologous to the yeast pmt1 gene. This protein has all of the conserved methyltransferase motifs but exhibits no methyltransferase activity in vitro and transgenic mice with a targeted mutation of the putative Dnmt2 catalytic site showed no defects in cellular methylation patterns (Okano et al., 1998b) . More recently, proteins with a subset of the most conserved methyltransferase motifs have been identi®ed and include double-stranded RNA (dsRNA) adenosine deaminase, which contains regions with homology to motifs IV, VI, and VIII (Hough and Bass, 1997) , and DNMT3L ( Figure 1 ) which contains regions with homology to motifs I, IV, and VI (Aapola et al., 2000) . DNMT3L is most homologous to the DNMT3 family and also includes the PHD domain in the Nterminal region of DNMT3A and 3B. This protein is almost certainly non-functional since the conserved PC' active site is`mutated' to`PL'. Since DNMT3L retains the PHD domain but lacks a functional catalytic site it may act to antagonize the activities of DNMT3A and 3B by competing for the binding of interacting proteins or occupying the preferred DNA binding sites of DNMT3A and 3B. In the case of ds RNA adenosine deaminase, an enzyme believed to be involved in RNA editing, the`PC' active site is present but the lack of many of the other motifs important for catalysis of the methyltransferase reaction make it unlikely to be a functional methyltransferase (Hough and Bass, 1997; Kumar et al., 1994) . While it cannot yet be ruled out that DNMT2 is a functional methyltransferase with a highly speci®c recognition sequence or a preference for cytosine in non-CpG sequences, proteins not involved in DNA methylation may have utilized these motifs for DNA binding, mismatch recognition, or the catalysis of other nucleotide modifying or repair activities in which the unique ability to extrude the base from the double helix with minimal distortion of the surrounding DNA enhanced the catalytic or DNA binding function of the protein.
ICF syndrome
ICF syndrome is a very rare autosomal recessive disorder with fewer than 40 cases reported over the last 20 years and only two of these in the United States (Carpenter et al., 1988; Sawyer et al., 1995) . Aected individuals demonstrate variable immunode®ciency consisting of an absence or severe reduction in at least two immunoglobulin isotypes and often suer from severe respiratory tract infections (Franceschini et al., 1995; Smeets et al., 1994) . Developmental defects include a variable degree of mental impairment, delayed developmental milestones, and peculiar facial features such as low-set ears, hypertelorism,¯at nasal bridge, micrognathia, and macroglossia (Smeets et al., 1994) . Perhaps the most remarkable characteristic of ICF syndrome is the dramatic elongation of juxtacentromeric heterochromatin in lymphocytes from aected individuals. Profound chromosomal abnormalities, including multibranched con®gurations (multiradials), deletions or duplications of entire chromosome arms, isochromosomes, and centromeric breakage involving almost exclusively chromosomes 1, 9 and 16 have been observed (Franceschini et al., 1995) . Telomeric associations between non-acrocentric chromosomes were also recently reported (Tuck-Muller et al., 2000) . Interestingly chromosomes 1, 9, and 16 contain large blocks of classical satellite long tandem repeat arrays (satellites 2 and 3) adjacent to the centromere (Tagarro et al., 1994) . These regions are normally heavily methylated in somatic cells but ICF patients demonstrate a marked hypomethylation of these regions (Jeanpierre et al., 1993; Tagarro et al., 1994) , indicating that DNA methylation may be essential for proper centromere structure and stability. Repetitive elements elsewhere in the genome, including a subtelomeric repeat (Kondo et al., 2000) , and single copy sequences on the inactive X chromosome (Hansen et al., 2000; Miniou et al., 1994) have also been shown to undergo hypomethylation in ICF cells. In contrast to the drastic hypomethylation of satellite 2 and 3 sequences, overall genomic 5-methylcytosine levels in ICF versus normal lymphoblastoid cell lines (LCLs) was unchanged (a result likely in¯uenced by cell culture), and primary ICF brain tissue showed only a 7% decrease in 5-methylcytosine content (Tuck-Muller et al., 2000) .
Three studies in 1999 revealed that ICF syndrome was associated with mutations in the DNMT3B gene (Hansen et al., 1999; Okano et al., 1999; Xu et al., 1999 ) located on 20q11.2 (Robertson et al., 1999; Xie et al., 1999) , the previously mapped ICF susceptibility locus (Wijmenga et al., 1998) . A number of dierent mutations have been identi®ed in DNMT3B and are summarized in Figure 2 . Most of the mutations are heterozygous and, with one exception, aect the catalytic domain of DNMT3B. The eect of one naturally occurring mutation (D809G) was examined in vivo using an episomal system and revealed a marked reduction in catalytic activity (Xu et al., 1999) . As was mentioned previously, mice with a homozygous knockout of the Dnmt3b gene recapitulate the aberrant patterns of pericentromeric hypomethylation seen in humans with ICF syndrome and may serve as a model for ICF syndrome if a less severe knockout can be generated . Interestingly, no patients with mutations that would result in homozygous loss of the N-terminal region of DNMT3B were identi®ed indicating that complete loss DNMT3B may be embryonic lethal to humans as it is in mice. This also implies that the ICF-speci®c mutations in DNMTB may not be complete loss of function alleles. The mutant forms of DNMT3B may retain low level methyltransferase activity in vivo at its normal sites of action or, as will be discussed later for DNMT1, additional roles for this protein in gene expression or chromatin structure may exist (and remain functional in the mutants). It remains unclear how DNMT3B is targeted to pericentromeric heterochromatin but is most likely a result of the interaction of DNMT3B with another DNA binding protein or protein complex which is targeted to pericentromeric heterochromatin. Interestingly, a recent report showed that ICF cells are extremely sensitive to ionizing radiation despite possessing intact cell cycle checkpoints . DNMT3B may be required for the proper methylation, and thus proper gene expression patterns and chromatin structure, of a select group of as yet unidenti®ed genes necessary for normal brain development. Centromeric heterochromatin regions exist in distinct foci within the nucleus. These foci are enriched in both heterochromatin binding proteins like HP-1, which are involved in transcriptional silencing, as well as transcriptionally silent genes themselves (Brown et al., 1997) . It has been proposed that loss of methylation from centromeric regions might prevent these foci from forming or reduce the ability of these regions to recruit silencing proteins which could alter transcription and genome structure in profound ways (Xu et al., 1999) .
ICF syndrome now joins a growing list of genetic diseases including Rett, Fragile X, and ATR-X (alphathalassemia, mental retardation, X-linked) syndromes that have in common defects in the cellular methylation machinery (Robertson and Wole, 2000) . Common to all these diseases is a variable degree of mental impairment, indicating that DNA methylation-dependent gene control pathways or chromatin structure modi®cations may be particularly important for brain development. Further support for a unique role for DNA methylation in the brain comes from reports demonstrating that DNA methyltransferase activity is high in neurons despite their terminally dierentiated state (Goto et al., 1993) and that DNA methyltransferase activity may contribute to induced ischemic brain damage in mice (Endres et al., 2000) .
DNA hypermethylation and cancer
Nearly ®fteen years ago it was recognized that DNA methylation patterns in tumor cells are altered relative to those of normal cells (Feinberg et al., 1988; Goelz et al., 1985) . Tumor cells exhibit global hypomethylation of the genome accompanied by region-speci®c hypermethylation events Jones and Laird, 1999) . Most of the hypomethylation events appear to occur in repetitive and parasitic elements, which are normally heavily methylated. This may result in increased transcription from transposable elements and increased genomic instability. It has been proposed that the ancestral function of DNA methylation was in fact to restrain the spread of parasitic elements as genomes became larger and more complex and the dangers to genome integrity from unrestrained transposition events increased (Bestor and Tycko, 1996; Yoder et al., 1997) . This genome defense system was then later utilized as a method of gene regulation. Regions that are frequent targets of hypermethylation events are CpG islands. CpG islands are GpC and CpG-rich regions of approximately 1 kilobase (kb) that are usually associated with the promoter or 5'-end of genes ( Figure 3 ). It has been estimated that there are 45 000 CpG islands in the human genome and these are associated with roughly half of all genes (Antequera and . CpG island methylation is rare in normal cells. It plays a role in X-chromosome inactivation in females and genomic imprinting, increases with age and in vitro cell culture. Abnormal methylation of CpG islands can eciently repress transcription of the associated gene in a manner akin to mutations and deletions and act as one of the`hits' in the Knudsen two-hit hypothesis for tumor generation ( Figure 3 ) Jones and Laird, 1999) . There are now numerous examples of aberrant CpG island promoter hypermethylation of tumor suppressor genes, genes involved in cell-cell adhesion, and genes involved with DNA repair and these are summarized in Table 1 .
A direct role for DNA methylation in tumorigenesis Does DNA methylation have a direct role in carcinogenesis? There are now numerous lines of evidence that indicate that the answer to this question is yes. For example, promoter-region hypermethylation of the retinoblastoma (pRb) (Stirzaker et al., 1997) (Herman et al., 1994) gene has been detected in familial cases of unilateral retinoblastoma and renal cancer, respectively, and is the primary inactivating event Jones and Laird, 1999) . In addition, studies of sporadic cases of colorectal carcinomas exhibiting microsatellite instability have revealed a high frequency of promoter region hypermethylation of the mismatch repair gene hMLH1. That transcriptional silencing of the hMLH1 gene is primarily mediated by DNA hypermethylation was shown by treating cell lines containing hypermethylated hMLH1 alleles with the DNA methyltransferase inhibitor 5-aza-2'-deoxycytidine (5-azaCdR). This resulted in re-expression of hMLH1 and partial restoration of mismatch repair ability . Figure 3 Model for how global loss and region-speci®c gain in methylation can occur within the same cell and potentially contribute to malignant transformation. A representative segment of DNA showing a transcriptionally active gene (light gray boxes are exons) with an unmethylated (white lollipops) CpG island promoter (bent arrow). CpG sites within the body of the gene or in repetitive elements (black boxes and`LINE') are generally hypermethylated (black lollipops). (a) In a normal cell, a DNMTinteracting factor (`X') may guide the DNMT to the regions that are to be methylated or allow the DNMT access by opening chromatin. Additionally, there may be a factor (`Y') which actively blocks access of the DNMT to the CpG island or recruits CpG islands to subnuclear regions from which DNMT's are restricted. (b) In a premalignant cell, a defect in the methylation system occurs which could include one or more of the following: mutation in X, loss of Y, or an inappropriate timing or expression level of X or Y during the cell cycle. This would grant the DNMT access to the CpG island, a region rich in potential methylation sites, and titrate' the enzyme away from other regions which are normally methylated. (c) Continued cell division and/or additional defects in the methylation system exacerbate the methylation errors eventually resulting in silencing of the gene and potentially reactivation of transcription or transposition from parasitic elements. Repetitive regions that lose methylation may become decondensed and prone to mitotic recombination.`MBD' is methyl-CpG binding protein,`HDAC' is histone deacetylase, and`TF' is transcription factor Furthermore, examples in which one copy of a tumor suppressor gene is either mutated or lost and the wildtype copy is transcriptionally silenced by hypermethylation have been found. For example, the HCT116 colon adenocarcinoma cell line is defective in the Rb pathway due to loss of expression of the cyclindependent kinase inhibitor p16 INK4a . It has been shown that one allele of p16
INK4a is mutated resulting in premature termination and loss of function while the second copy is wild-type but silent due to methylation of the promoter region in HCT116 cells (Myohanen et al., 1998) . Lastly, it has recently been recognized that aberrant hypermethylation events can occur early in tumorigenesis and disrupt pathways that may predispose cells to malignant transformation. For example, methylation of the p16
INK4a promoter has been detected in both experimentally induced tumor models as well as the natural setting in lung cancer and mammary epithelial cells. Aberrant methylation was detectable in pre-neoplastic lesions and the frequency of aberrations increased with disease progression (Belinsky et al., 1998; Nuovo et al., 1999; Wong et al., 1999) . Thus, ample evidence exists to support the notion that DNA hypermethylation events can act as a primary inactivating event contributing directly to tumorigenesis.
CpG island hypermethylation in tumors is widespread
The identi®cation of CpG island-associated genes that become methylated in tumors has relied primarily on a candidate gene approach; a potential tumor suppressor gene is identi®ed with a CpG island promoter then tumor cell lines are examined for methylation of this region. Table 1 lists only 17 such genes/CpG islands out of an estimated 45 000 CpG islands in the human genome. How widespread are hypermethylation events in tumors? A study by Costello et al. (2000) begins to address this question by utilizing a restriction landmark genomic scanning (RLGS) approach to analyse the methylation status of 1184 CpG islands in an unbiased manner from 98 tumor samples. Results indicated that aberrant methylation of CpG islands was dierent between individual tumors and between dierent tumor types. Certain tumor types, like breast, head and neck, and testicular, displayed a relatively low frequency of aberrant methylation while other tumors such as colon, glioma, and acute myeloid leukemia, displayed a signi®cantly higher frequency of aberrant methylation events. It was estimated that an average of 608 (up to as many as 4500) CpG islands were aberrantly hypermethylated in tumors. Methylation abnormalities were detectable in both low and high-grade malignancies, again supporting the notion that methylation changes can be an early event in tumor progression. Furthermore, CpG island methylation was not random indicating that certain CpG islands may be more susceptible to de novo methylation than others or that selective loss of expression from certain CpG island associated genes may be favored if loss of that gene provides the cell with a growth advantage (Costello et al., 2000) . The non-random nature of CpG island hypermethylation between tumor types may even provide a useful signature for classi®cation if a more high-throughput method for carrying out this type of analysis can be developed and could also provide important information on the molecular defects (particularly epigenetic defects) which contribute to the generation of a tumor cell.
How does DNA methylation silence transcription?
A connection between DNA methylation and transcriptional silencing in vertebrates has been recognized for over 20 years, yet evidence directly connecting the two has only recently been obtained Nan et al., 1998) . Hypermethylated promoters are almost always transcriptionally silent, packaged into a chromatin structure resistant to nucleases, and enriched in hypoacetylated core histones (Eden et al., 1998; Jones and Laird, 1999) . Local cytosine methylation of a particular sequence can directly interfere with the binding of certain transcription factors (Tate and but this is unlikely to be a widespread mechanism for transcriptional silencing since most transcription factors do not have CpG dinucleotides Kawano et al., 1999) within their binding sites. Furthermore, this direct interference model cannot easily account for the wide range of biological phenomena that rely on methylation for the global silencing of large domains or even entire chromosomes, such as X inactivation in females. An alternative mechanism involves proteins that bind selectively to methylated DNA. The ®rst such protein, MeCP2, identi®ed in 1992 (Lewis et al., 1992) , can be divided into two structural domains: a methyl-CpG binding domain (MBD) which recognizes a symmetrically methylated CpG dinucleotide through contacts in the major groove of the double helix (Wake®eld et al., 1999) , and a transcriptional repression domain (TRD) which interacts with several other regulatory proteins (Nan et al., 1997) . Since that time it has been found that MeCP2 is only one member of a family of methyl-CpG binding proteins (MBD's) which now include MBD1-4 (Hendrich and . Thus a second mechanism by which DNA methylation could inhibit transcription is by sterically blocking access of transcription factors by binding of the MBD's. A critical ®nding that directly linked not only DNA methylation and transcriptional silencing, but also DNA methylation and histone hypoacetylation, was that MeCP2 could recruit histone deacetylase (HDAC) Nan et al., 1998) . This allowed for a rational mechanism for how DNA methylation could repress transcription and result in a chromatin structural change: recruitment of MBD's and their associated HDAC's to methylated DNA would result in local deacetylation of core histone tails, which would result in tighter packaging of DNA and reduced access of transcription factors to their binding sites (Robertson and Wole, 2000) . Recent experiments have linked four of the methyl-CpG binding domain-containing proteins, MeCP2, MBD1, MBD2, and MBD3 with aspects of the chromatin remodeling machinery in addition to HDAC. In Xenopus eggs for example, MBD3 is a component of the Mi-2 chromatin remodeling complex which also includes Rpd3 (Xenopus HDAC1/2) and RbAp46/48 (Wade et al., 1999) . Furthermore, MBD2, HDAC1, HDAC2, and RbAp46/ 48 co-purify in HeLa cell nuclear extracts and are components of the MeCP1 repressor complex (Ng et al., 1999) . Evidence for a mechanistic link between DNA methylation and histone deacetylation has also been demonstrated by treating cells with a combination of the DNA methyltransferase inhibitor 5-azaCdR and the histone deacetylase inhibitor trichostatin A (TSA). Low doses of 5-azaCdR resulted in low-level reexpression and minimal demethylation of hypermethylated CpG-island-associated genes but a combination of 5-azaCdR and TSA resulted in robust activation of these same genes (TSA alone had no eect) (Cameron et al., 1999) . This revealed not only that DNA methylation and histone deacetylation worked together to silence transcription but also that DNA methylation was dominant over histone acetylation status. An additional, newly discovered player in DNA methylation-mediated transcriptional repression may be DNMT1 itself. As will be discussed in detail later, recent studies have shown that DNMT1 can interact with both HDAC1 and 2 (Fuks et al., 2000; Robertson et al., 2000a; Rountree et al., 2000) . The exact functional signi®cance of this interaction is not fully understood but two interesting scenarios can be imagined. In one, histone deacetylation may actually be necessary for ecient methylation of a given region and the DNMT1-HDAC interaction has no direct eect on transcriptional repression. In the second, DNMT1, once targeted to the region to become methylated, may act as a master repressor by simultaneously methylating CpG sites in the promoter and also eecting histone deacetylation and chromatin compaction by its associated HDAC's. Once DNMT1 completes methylation of the region (and presumably departs), MBD's would be recruited and these in turn would recruit HDAC activity to maintain or even potentiate the repressed state.
DNA hypomethylation ± roles in cancer and genome stability
The emphasis in studies of DNA methylation and cancer has focused primarily on hypermethylation events as was discussed in the preceding paragraphs. The global loss of genomic DNA methylation, which occurs concomitantly with CpG island hypermethylation, may be of equal importance to the generation of a transformed cell. It is important to stress that tumors exhibit a global defect in the DNA methylation system with hypo-and hypermethylation events occurring in the same cell (Figure 3) . The reason for the loss of methylation in tumors is not known, although several models will be proposed in the next section.
As was mentioned previously, one primary function of DNA methylation is suppression of transcription and expansion of parasitic elements like transposons (this include SINES and LINES as two examples) (Yoder et al., 1997) . The vast majority of methylated CpG's do in fact reside within repetitive elements (Yoder et al., 1997) and methylation of the long terminal repeat (LTR) promoters of many parasitic elements inhibits their activity (Kochanek et al., 1995) . Experimentally-induced demethylation of the genome by homozygous knockout of the Dnmt1 gene also supports this notion by demonstrating that transposable elements become demethylated and re-express in Dnmt1 7/7 ES cells (Walsh et al., 1998) . Similar observations have been made in primary human and rodent tumors samples (Flori et al., 1999; Grassi et al., 1999) . Transcription from many strong promoters could globally alter transcription patterns by altering transcription factor levels or by negatively eecting speci®c growth-regulatory genes in which the reactivated elements reside. Gene function could be disrupted not only by direct insertion of a new transposable element into a coding exon but also by transcriptional interference, transcriptional initiation within a coding region (introns), or generation of an antisense transcript if the element is integrated in the antisense orientation (Robertson and Wole, 2000) .
While the loss of methylation in tumor cells may predispose them to genomic instability via the transcriptional activation and movement of parasitic elements, these elements also pose a signi®cant threat to the genome as mediators of homologous recombination. DNA methylation may act to stabilize the genomes of organisms containing large amounts of repetitive DNA by`masking' or inhibiting homologous recombination between repeats (Colot and Rossignol, 1999) . Several examples of recombination events between repeats have been identi®ed in the human population and these have had deleterious consequences (Puget et al., 1997; Rouyer et al., 1987; Small et al., 1997) . Work with the fungus Ascobolus immersus has demonstrated that induced methylation of a meiotic recombination hotspot reduced the frequency of crossing-over within this region by several hundredfold (Maloisel and Rossignol, 1998) . The most direct evidence that DNA methylation suppresses homologous recombination has come from the work in Ascobolus, but several studies support a similar role in mammalian cells. For example, V(D)J recombination is reduced more than 100-fold when the recombination substrate is methylated (Hsieh and Lieber, 1992) . In addition, Dnmt1 knockout ES cells exhibit a 10-fold increased mutation rate involving gene rearrangements (Chen et al., 1998) , and individuals with ICF syndrome or cultured cells treated with 5-azaCdR show increased numbers of chromosomal translocations (Ji et al., 1997; Miniou et al., 1994) .
Several studies have now clearly demonstrated that repetitive elements become demethylated in tumors and that the degree of hypomethylation correlates with disease progression (Narayan et al., 1998; Qu et al., 1999) . Many of the rearrangements observed in primary tumors involve the centromere of chromosomes 1 and 16 (Heim and Mitelman, 1995) . Pericentromeric rearrangements involving chromosome 1 are over-represented in cancers relative to the total percentage of pericentromeric heterochromatin sequences in the genome (Mertens et al., 1997) . Aberrations include whole-arm deletions and unbalanced translocations between 1q and 16p with the fusion of these arms occurring within centromeric heterochromatin. It remains unknown how DNA methylation may suppress homologous recombination but potential mechanisms include masking of the recombination initiation site, maintenance of a highly condensed chromatin structure through the recruitment of DNA organizing proteins, destabilization of the recombination intermediate, or interference with the assembly of the recombination machinery. Thus loss of DNA methylation from repetitive elements may occur early in tumor progression and may predispose cells to genome rearrangements via mitotic recombination which could inactivate critical growth regulatory genes or, via whole chromosome arm gain and/or loss, result in an inappropriate level of expression of a tumor suppressor gene or growth-promoting gene.
Potential causes of aberrant methylation in tumor cells
The exact nature of the defect in the cellular methylation machinery in tumor cells remains unknown however it is important that models take into account the observations that methylation is both lost and gained from dierent regions of the genome in transformed cells (Figure 3) . One possible defect that has been studied extensively is related to the expression level of the DNMT's. Numerous studies have examined expression of the DNA methyltransferases in tumor tissue, almost exclusively at the RNA level, and most have reported variable degrees of overexpression, particularly for DNMT1 Lee et al., 1996; Robertson et al., 1999) . Induced overexpression of DNMT1 in tissue culture cells has been shown to gradually induce CpG island hypermethylation and result in cellular transformation Wu et al., 1993) . The exact degree of overexpression of methyltransferase in tumors and the frequency remains somewhat controversial but low-level overexpression (2 ± 4-fold) is likely to be relatively common. There are, however, many examples of tumors which do not overexpress (Eads et al., 1999; Robertson et al., 1999) and even if this was a universal feature of tumor cells it would be dicult to imagine how this could be responsible for both hypermethylation of CpG islands and global genome hypomethylation.
Another recently proposed mechanism, which could disrupt the regulation of DNA methylation patterns, relates to inappropriate DNMT expression during the cell cycle. Several studies have revealed that DNMT1, 3A, and 3B are expressed dierentially during the cell cycle (Robertson et al., 2000b; Szyf et al., 1991; Tatematsu et al., 2000) and that DNMT RNA levels and overall DNA methyltransferase activity is higher in growth-arrested normal cells than in growth-arrested tumor cells (Robertson et al., 2000b) . Aberrant expression of one of the DNMT's during G1 for example, could give rise to methylation errors, or de novo methylation events at normally unmethylated CpG sites, which would be copied by DNMT1 after cell division (Jones, 1996) . Inappropriate timing of expression of a critical level of DNMT activity during multiple rounds of cell division could then lead to a progressive increase in aberrant methylation over time. This type of defect could also be responsible for the global hypomethylation observed in tumor cells if, for example, certain DNMT's are localized to speci®c regions of the nucleus or are responsible for propagating methylation patterns of DNA segments which replicate during speci®c times during S phase and the required amount of enzyme is not present (Robertson et al., 2000b) .
The ®nal, and perhaps most speculative model of the molecular nature of the methylation defect in tumors is that DNA methyltransferase nuclear localization, sequence targeting, or regulated enzymatic activity is disrupted in tumor cells due to aberrant protein-protein interactions with DNMTassociated proteins or protein complexes in which DNA methyltransferases reside. In this model, diagrammed schematically in Figure 3 , DNA methyltransferase is targeted to the genomic regions which are to be methylated and/or restricted access to regions which are to be kept methylation-free via its interaction with other proteins. In a premalignant or tumor cell, the normal distribution of DNA methyltransferase is disrupted because of aberrations in the DNMT-interaction partners, via mutation, loss, inappropriate expression level or timing of expression of the interaction partner, or defective post-translational modi®cation. This could then allow access of DNA methyltransferase to regions that would not normally be methylated, like CpG islands. At the same time, this could`titrate' DNA methyltransferase away from regions which are supposed to be methylated, like the`bulk' genomic DNA or repetitive sequences. Indirect support for this model comes from several recent reports, to be discussed in detail in the next section, that DNMT1 can interact with a number of dierent proteins that could clearly aect its nuclear localization (annexin V, p23, PCNA) as well as access to its DNA target sites in chromatin (HDAC1, HDAC2, and pRb). It is likely that the identi®cation of DNMT-interacting factors will be a major focus in the methylation ®eld in the coming years and it will be critically important to examine the integrity of these interactions in transformed cells.
Proteins known to interact with DNMT1 and their potential functions
As the heading of this section suggests, the discussion on DNMT-interacting proteins will focus on proteins known to interact with DNMT1. This is simply because DNMT1 has been far more extensively studied. Given the critical role of the DNMT3 family in the de novo establishment of DNA methylation patterns during embryogenesis it is likely that interacting factors which regulate their catalytic activity, substrate speci®city, and sequence targeting will be critical and the identi®cation of such factors will no doubt be a major area of study in the next few years. As was previously mentioned, cellular methylation patterns are not random. Certain genomic regions, like pericentromeric heterochromatin, imprinted regions (one allele), genes on the inactive X chromosome in females, and bulk genomic DNA which includes many of the parasitic DNA elements, are hypermethylated while other regions, like CpG islands often associated with transcriptionally active genes, are hypomethylated (Robertson and Wole, 2000; Yoder et al., 1997) . In tumor cells the normal methylation patterns become reversed due to an as yet unknown defect or defects in the methylation machinery Jones and Laird, 1999) . This apparent speci®city or targeting of methylation to particular regions of the genome contrasts with in vitro data indicating little sequence speci®city of the known DNA methyltransferases, which require only the CpG dinucleotide or in some cases a CpA and CpT dinucleotide as their recognition sequence (Bestor and Ingram, 1983; Ramsahoye et al., 2000) . In this section I will review the proteins known to interact with DNMT1 and their potential functional signi®cance.
p23
A listing of the known DNMT1-interacting proteins is shown in Table 2 and a summary of the interaction sites of these proteins on DNMT1 is shown in Figure  4 . Most of these interacting proteins have been identi®ed in yeast two-hybrid screens or by biochemical fractionation methods. Two of the earliest reported DNMT1-intertacting factors, which still remain rather enigmatic, are p23 (Zhang and Verdine, 1996) and annexin V (Ohsawa et al., 1996) . p23 was originally identi®ed as a phosphoprotein associated with the cytoplasmic form of the progesterone receptor (PR) and subsequently shown to interact with other steroid hormone receptors and hsp90 as a co-chaperone (Buchner, 1999; Johnson et al., 1994) . The exact function of this well-conserved protein, however, remains unclear. p23 resides in the nucleus as well as the cytoplasm, it is the only protein known to interact with the catalytic domain of DNMT1 (although it was reported that this interaction did not aect catalytic activity in vitro), and it has also been shown to associate with telomerase (Holt et al., 1999; Zhang and Verdine, 1996) . Unfortunately searches for interacting factors have been biased toward the N-terminal regulatory domain of DNMT1 and important interactions that could directly aect binding site speci®city and catalytic activity may have been missed. The signi®cance of the interaction of p23 with DNMT1 remains unknown but may aid in the proper folding of the catalytic domain or could tether DNMT1 to the cytoskeleton or nuclear matrix due to the ability of p23, via hsp90, to interact with actin ®laments (Miyata and Yahara, 1991) . (Zhang and Verdine, 1996) Folding Linkage to nuclear matrix Annexin V (Oshawa et al., 1996) Linkage to nuclear matrix PCNA (Chuang et al., 1997) Targeting to replication foci Targeting to repair sites HDAC1 (Fuks et al., 2000) Transcriptional repression Chromatin remodeling HDAC2 (Rountree et al., 2000) Transcriptional repression DMAP1
Chromatin remodeling Maturation of chromatin after DNA replication pRb (Robertson et al., 2000a) Transcriptional repression HDAC1
Chromatin remodeling Methylation targeting MBD3 (Tatematsu et al., 2000) Targeting to hemimethylated DNA Targeting to replication foci
Annexin V
Annexin V is a calcium-dependent phospholipid binding protein which has been found in both the nucleus and cytoplasm and its localization can vary with growth state of the cell and with calcium concentration (Barwise and Walker, 1996; Raynal et al., 1996) . The annexin V in the nucleus is associated with the nuclear matrix and was found to interact with the N-terminus of DNMT1 (Figure 4 ) (Altieri et al., 1996; Ohsawa et al., 1996) . Interestingly, a second annexin V binding protein identi®ed by the same group was ATRX. The ATRX gene encodes a putative ATPdependent chromatin remodeling factor and helicase of the SNF2 family that is mutated in patients with ATR-X syndrome (Picketts et al., 1996) . One interesting feature of this disease is that patients have subtle defects in cellular methylation patterns which include both hypo-and hypermethylation events at select repetitive elements (Gibbons et al., 2000) . ATRX, DNMT1, and annexin V are highly expressed in the brain (Cardoso et al., 1998; Goto et al., 1993; Ohsawa et al., 1996) and both DNMT1 and ATRX have been found to be associated with the nuclear matrix (Berube et al., 2000; Burdon et al., 1985) . The functional consequence of this interaction remains unclear but may be to anchor DNMT1 to the nuclear matrix.
PCNA
The 1997 report by Chuang et al. (1997) that DNMT1 associates with the replication-associated protein PCNA (proliferating cell nuclear antigen) received much attention. It is believed that this interaction may target DNMT1 to replication foci although several independent domains within the N-terminus of DNMT1 appear to be capable of mediating this recruitment (Leonhardt et al., 1992; Liu et al., 1998) . PCNA, the polymerase processivity factor or sliding clamp, is required for DNA replication and associates with both the leading and lagging strands as a trimer (Kelman, 1997) . PCNA is also essential for both mismatch (Umar et al., 1996) and nucleotide excision repair (Nichols and Sancar, 1992) . PCNA is the target of the cell cycle regulator p21 WAF1/CIP1 (Waga et al., 1994) . In response to DNA damage p21 is upregulated (El-Deiry et al., 1993), binds to PCNA, and inhibits DNA synthesis (Waga et al., 1994) . The DNMT1-PCNA interaction may allow for the newly synthesized daughter strands to be rapidly remethylated before being packaged into chromatin. This may be essential for maintenance of proper methylation patterns since histone HI, one of the principal chromatin organizing proteins, has been shown to inhibit DNA methylation (Carotti et al., 1996) .
Loss of p21, either by mutation of the p21 gene itself or loss of p53, which activates p21 expression in response to DNA damage, is a common event in cancer . It has been proposed that loss of p21, which also associates with PCNA at sites of DNA repair, might allow access of DNMT1 to the damaged regions resulting in inappropriate de novo methylation at CpG sites that are not normally methylated since DNMT1 and p21 interact with PCNA in a mutually exclusive manner (Chuang et al., 1997) . While this scenario may be true, another possibility should be considered in light of more recent results. DNA damage results in disruption of normal chromatin structure and may also result in loss of DNA methylation if the repaired region contains CpG sites (Gaillard et al., 1996; Kastan et al., 1982) . It is essential for genome integrity that not only the DNA sequence be properly repaired, but also the original DNA methylation pattern and chromatin structure of the damaged region be restored to ensure proper gene expression patterns. Interestingly, it has been found that the chromatin assembly factor CAF-1 (speci®cally the p150 subunit of CAF-1), which assembles nucleosomes onto replicating DNA (Kaufman et al., 1995) , interacts directly with PCNA and the presence of Figure 4 A summary of proteins currently known to interact with DNMT1 and the location of the interacting region. The MBD3-DNMT1 interaction has not been mapped (indicated by arrow and`?'). Potential functions of these interactions are summarized in Table 2 Oncogene DNA methylation, methyltransferases, and cancer KD Robertson PCNA molecules left on the newly replicated DNA mark these regions for chromatin assembly (Shibahara and Stillman, 1999) . A similar process also appears to be operational at sites of DNA damage (Gaillard et al., 1996) . Thus the presence of DNMT1 at sites of DNA damage, rather than being a liability for the cell, may be essential for the restoration of the original methylation patterns of the region as well as the original chromatin structure of the damaged region. PCNA, by virtue of its interaction with DNMT1 and CAF-1, would act as a cellular memory device for the epigenetically encoded information of the genome (Shibahara and Stillman, 1999) . The ability of DNMT1 to interact with HDAC, which will be discussed in the next section, may also be critical for the proper maintenance and ®delity of the epigenetic component of the genome.
HDAC's
Three recent papers have generated great interest by demonstrating that DNMT1 can interact with histone deacetylases 1 and 2 (Table 2, Figure 4) (Fuks et al., 2000; Robertson et al., 2000a; Rountree et al., 2000) . An association between transcriptionally inactive regions, histone hypoacetylation, and DNA hypermethylation has been recognized for some time (Eden et al., 1998) . The ®nding that methyl-CpG binding proteins (MBD's) associate with histone deacetylases provided a mechanistic link for these observations Nan et al., 1998) . The situation may now be more complex given that DNMT1 itself can interact with HDAC1 and 2 as well a novel corepressor, termed DMAP1, which appears to repress transcription in an HDAC-independent manner (Rountree et al., 2000) . DNMT1 can directly repress transcription when fused to a heterologous DNA binding domain (Fuks et al., 2000; Rountree et al., 2000) or when targeted to promoters containing E2F-binding sites by virtue of a newly discovered interaction between DNMT1 and the retinoblastoma gene product pRb (Robertson et al., 2000a) . The traditional view of DNMT1 as a maintenance methyltransferase which simply copies methylation patterns after replication must now be reconsidered. The interaction of DNMT1 with PCNA and HDAC2 may be critical for the restoration of chromatin structure after DNA replication given that newly synthesized histones arrive at replicated DNA in hyperacetylated form but must become deacetylated for the restoration of proper chromatin structure (Annuziato and Seale, 1983) . Rountree et al. (2000) showed that DNMT1 recruited to replication foci interacts with HDAC2 in a temporally distinct manner. Early S-phase replication foci contained DNMT1 and the co-repressor DMAP1 and it was proposed that the function of this complex was to temporarily repress transcription during passage of the replication fork as well as copy the parental methylation patterns. Late S-phase replication foci were found to contain DNMT1, DMAP1, and HDAC2. Since most transcriptionally active, hyperacetylated regions are replicated in early S phase and transcriptionally silent, hypoacetylated, heterochromatic regions are replicated late in S phase, the recruitment of HDAC2 selectively to late replication foci may be instrumental in deacetylating the newly deposited histones (Rountree et al., 2000) . Thus the selective interaction of DNMT1 with HDAC2 during S phase may be critical for the maintenance of these two epigenetically distinct compartments of the genome. A similar situation may also be operational with HDAC1 although this has not yet been investigated.
DMAP1
Further evidence that DNMT1 is more than just a maintenance methyltransferase comes from studies indicating that it can repress transcription independently of its ability to catalyze the methyl-transfer reaction. Three reports revealed that the N-terminus of DNMT1 could interact with HDAC1 and 2 and repress transcription in a partially-HDAC-dependent manner when tethered to a promoter (Fuks et al., 2000; Robertson et al., 2000a; Rountree et al., 2000) . The HDAC-insensitive component of DNMT1-mediated transcriptional repression may be due to its interaction with DMAP1, which has also been shown to repress transcription when fused to a heterologous DNA binding domain but this repression was insensitive to inhibitors of histone deacetylase (Rountree et al., 2000) . DMAP1, isolated in a two-hybrid screen, is a small protein with a potential coiled-coil domain as well as a SANT-like domain within the central portion of the molecule. It interacts with the most N-terminal portion of DNMT1 (Figure 4 ). The function of SANT domains remain unclear but they may be DNA binding motifs or sites of protein-protein interaction (Stewart and Gibson, 1996) . Interestingly, DMAP1, which maps to human chromosome 1p32.2 ± 34.2, is close to a previously described methylation modi®er locus (MEMO-1) which aects the methylation status at certain class I HLA-loci (Cheng et al., 1996) . Little is known about the exact function of DMAP1, although it has been shown to interact with the tumor susceptibility gene 101 (tsg101). tsg101 was isolated in a mutagenesis screen of NIH3T3 cells as a protein, which when mutated, resulted in transformation of NIH3T3 cells (Li and Cohen, 1996) . Interestingly, tsg101 has also been shown to have co-repressor activity and interacts with steroid hormone receptors (Hittelman et al., 1999) . Figure 4) . It was demonstrated by biochemical fractionation that DNMT1 is associated with Rb and the Rb-associated DNAbinding protein and transcriptional activator E2F-1. This same report showed that HDAC1 is also associated with DNMT1 (Robertson et al., 2000a) .
Rb is known to bind to E2F1 via the A/B pocket region and repress transcription from E2F-responsive promoters by masking the transcriptional activation domain of E2F1 as well as by recruitment of HDAC (Brehm and Kouzarides, 1999) . When cells are stimulated to divide, Rb becomes hyperphosphorylated and no longer binds to E2F1, allowing E2F-responsive genes (genes that are involved in cell cycle progression) to be activated and cells progress into S phase (Dyson, 1998) . Interestingly, DNMT1 binding to Rb also required an intact A/B pocket (Robertson et al., 2000a) . One important functional consequence of these interactions was that DNMT1 was capable of enhancing Rb-mediated transcriptional repression at E2F-1 responsive promoters (Robertson et al., 2000a) . The Rb-DNMT1 interaction has several important implications. The ®rst is that the presence of associated E2F-1 could allow for a mechanism of targeting methylation to genomic regions containing E2F binding sites, although this has yet to be demonstrated. Interestingly, a recent report indicated that the binding of E2F itself may be regulated by methylation (Campanero et al., 2000) . Second, the DNMT1-Rb interaction may be a way of enhancing Rb-mediated repression of cell cycle progression. This could be through a combination of methylation of promoters containing E2F binding sites which could then recruit methyl-CpG binding proteins and their associated HDAC activities or by the direct recruitment of HDAC1 and 2 to these promoters by DNMT1. Such a mechanism could be utilized in cells undergoing terminal dierentiation to ensure that genes involved in cell cycle progression are locked in the`o' position. One ®nal important implication of the Rb-DNMT1 interaction is related to the methylation defects observed in cancer. Rb itself, or components of the Rb pathway, are mutated in nearly all tumor cells (Hanahan and Weinberg, 2000) . Loss of functional Rb, either by direct loss of the Rb protein or disruptions in the Rb pathway that aect its phosphorylation status, may result in improper nuclear localization of DNMT1 which could in turn result in the methylation defects observed in tumor cells as shown schematically in Figure 5 . In this scenario, DNMT1 bound to Rb at transcriptionally repressed, E2F-responsive promoters, may be a mechanism of keeping the de novo methyltransferase activity of DNMT1 in check. It is critical that de novo methylation is tightly regulated in non-dividing cells to prevent unwanted or aberrant de novo methylation events as these would be copied with each subsequent cell division. When a cell is scheduled to divide, Rb becomes phosphorylated, no longer binds to E2F1, and could then release DNMT1 to go to replication foci and perform its functions in maintenance methylation and histone modi®cation (although the eect of Rb phosphorylation status on binding to DNMT1 has yet to be investigated) (Robertson et al., 2000a) . Loss of functional Rb may grant DNMT1 free access to the genome which could allow for aberrant de novo methylation of CpG islands, regions rich in potential DNMT1 binding sites, while at the same time`t itrating' the enzyme away from the relatively CpGpoor bulk genomic DNA resulting in gradual hypomethylation of these regions. Such a model is clearly speculative but testable. It is also intriguing that DNMT1 interacts with the A/B pocket region of Rb since this is the most frequently mutated region of Rb in tumors as well as the region targeted by transforming viruses like SV40 and HPV (Moran, 1993) .
MBD3
Another recent and rather intriguing report has indicated that DNMT1 may interact, directly or indirectly, with the methyl-CpG binding protein MBD3 (Tatematsu et al., 2000) . Tatematsu et al. (2000) found that MBD2 and MBD3 could form homo-and hetero-dimers and that the heterodimer possessed the novel property of binding to hemimethylated DNA (Tatematsu et al., 2000) . The exact binding speci®city of MBD3 has been the subject of some controversy, however none of the MBD's have been shown to have anity for hemi-methylated DNA (Bird and Wole, 1999) . Furthermore, it was demonstrated that MBD2 and MBD3 were localized to replication foci in late S-phase and were co-localized with DNMT1 at the same time. Interestingly, coimmunoprecipitation experiments with epitope-tagged MBD3 revealed that DNMT1 and MBD3 were present in a complex, although the exact nature of the interaction (direct or indirect) and the interacting domains on each protein were not de®ned in this study (Figure 4) (Tatematsu et al., 2000) . The ability of the MBD2-MBD3 heterodimer to bind to hemimethylated DNA may indicate a previously unrecognized role for these proteins in the deacetylation of newly synthesized histones after DNA replication in a manner akin to that previously described for DNMT1. It will be interesting to determine if DNMT1 and MBD3 are components of a larger complex and if the formation of this complex is regulated in a cell-cycle dependent manner.
Concluding Remarks
Although the list of interacting proteins may seem long it is likely that we have only just scratched the surface of a large array of interacting factors that will regulate not only DNA target-site speci®city of methylation but also interactions that will make use of DNA methyltransferases for purposes other than catalysis of the methyltransferase reaction, such as transcriptional repression and chromatin remodeling. For example, mutations in ATP-dependent chromatin remodeling factors like ATRX in mammals and DDM1 in arabidopsis have revealed subtle to profound defects, respectively, in DNA methylation patterns (Gibbons et al., 2000; Jeddeloh et al., 1999) . The closest mammalian homolog to DDM1, termed Lsh (lymphoid speci®c helicase), has recently been disrupted in mice (Geiman and Muegge, 2000) and it will be of great interest to learn the eects of this mutation on global methylation patterns.
The discovery and characterization of such interactions may ®nally reveal the exact relationship between DNA methylation patterns and chromatin structure, i.e. do methylation patterns determine chromatin structure or vice versa. Further interesting questions that are likely to be answered by characterizing DNMT-interacting factors include the necessity of chromatin remodeling enzymes for access of the methylation machinery to its target sequences and the role of the methylation machinery in in¯uencing local chromatin structure and gene expression through its associated HDAC's distinct from its ability to catalyze the methyl-transfer reaction. Given the number of repressor activities associated with DNMT1 that have been reported in only the last year, the old notion that DNMT1 is an enzyme that only copies pre-existing methylation patterns will likely be need to be thrown out. Its interactions with Rb, DMAP1, and potentially (and indirectly) tsg101, may indicate a more global role for this protein in transcriptional repression. For example, tsg101 has been shown to interact with the glucocorticoid receptor and repress its transcriptional activation function (Hittelman et al., 1999) . Could recruitment of DNMT1 and its associated co-repressor functions be involved in this repression in vivo? DNMT1 could in fact be viewed as an ideal transcriptional repressor since it can utilize at least two of the most potent repression mechanisms known in mammalian cells. Although little is known of the DNMT3 family with regard to interacting factors it is reasonable to assume that they may also be similarly multi-functional molecules of transcriptional regula- Enhanced repression may also occur via direct recruitment of HDAC by DNMT1 without methylation. DNMT1 activity would be restrained in G 0 /G 1 when de novo methylation events would be highly undesirable. (b) When a cell commits to division, Rb is phosphorylated (`PO4'), no longer binds to E2F1, and the associated DNMT1 is free to go to replication foci (the eect of Rb phosphorylation on DNMT1 binding is not known). (c) In a tumor cell, mutations in Rb or the Rb pathway that result in constitutive Rb hyperphosphorylation are extremely common. This would allow DNMT1 access to the genome at all phases of the cell cycle and result in a gradual accumulation of methylation errors.`GPG' is growth promoting gene,`AF' is an activating factor, and`PolII' is RNA polymerase II. White and black lollipops represent unmethylated and methylated CpG's, respectively tion. Given the exciting discoveries related to DNMTinteracting factors in the past year it is likely that the roles of the methylation machinery in transcriptional regulation, chromatin structure, DNA repair, and genome stability will become the subject of intense study in the methylation ®eld. It is also likely that the characterization of these interactions will shed light on the nature of the methylation defect in tumor cells and may even lead to novel therapies to reverse aberrant methylation patterns and restore growth control.
